higher in the Fbi treatment. In contrast, soil bulk density in the F treatment was significantly higher than in treatments with the organic amendments (p < 0.05). When compared with the F treatment, soil root dry mass increased significantly by 190%, 176% and 33% in Fba, Fco and Fbi treatments, respectively (p < 0.05). Similar results were found for root activity, number of root tips, root length, root surface area and root volume. Conclusively, the application of bagasse, coconut husk and biochar increased soil fertility and promoted root growth of rubber trees in the short term. However, bagasse and coconut husk were more effective than biochar in improving root growth of rubber trees.
Introduction
Tree root systems are vitally important for the proper functioning of forest ecosystems because of their pivotal roles in the absorption of soil nutrients and water, soil organic matter stock, and for maintaining plant growth, tree stability and stem straightness (Lindström and Rune 1999; Collins and Bras 2007; Xi et al. 2011; Pransiska et al. 2016; Bo et al. 2018; Wang and Xie 2018) . Fine roots (diameter < 2 mm) are the most active segments of root systems and respond rapidly to variations in the soil environment (Hendrick and Pregitzer 1992; Lukac and Godbold 2010; Montagnoli et al. 2012; Jha 2018; Liu et al. 2018) . For instance, fine root biomass rapidly increased when soil moisture increased after drought. Soil nutrient levels may also influence the growth and turnover rates of fine roots and cause plant roots to grow deeper (McConnaughay and Coleman 1999) . Fine root growth also could be induced in soil with relatively low pH in with different levels of acidity (Helmisaari and Hallbäcken 1999; Assefa et al. 2017) .
The natural rubber of the rubber tree, a strategic resource of modern times (Langenberger et al. 2017) , is an important raw material for many rubber-based industries and widely used for military, transport, medical purposes and others. The rubber tree is one of the main economic species available in many tropical countries in Asia, South America and Africa. For example, the natural rubber industries contributed approximately 4.69% of the country's GDP in Malaysia in 2013, with USD 101.19 billion contribution to the national export revenue (Sharib and Halog 2017) . During the 1950s, the Chinese government greatly expanded rubber production by converting a large portion of the tropical rain forests of China into rubber plantations (Zhang et al. 2007a, b) . The variety of rubber trees that have been widely planted on Hainan Island and in Yunnan and Guangdong Provinces cover approximately 1.07 million ha and provide high economic value (Zhang et al. 2007a, b; Qi et al. 2013) . Rubber plantations currently cover approximately 47% of the total planting areas of Hainan Island and are the largest agricultural ecosystem on this island of southern China (Lin et al. 2016) . Fertilization is one of the most important practices to maintain tree growth and rubber yield because root morphology depends significantly on nutrient availability (Fransen et al. 1998) . Trees increase their number of fine roots to absorb more soil nutrients (Bo et al. 2018) . Normally, rubber planters are encouraged to apply chemical fertilizer and organic materials to an excavated fertilization cave (typically 100-200 cm long × 60 cm wide × 40 cm deep) between rows by taking advantage of the physiological plasticity of roots to obtain nutrients. The fine root biomass of rubber in these fertilization caves accounts for 94.7% of the total fine root biomass ).
Nevertheless, due to an inadequate input of fertilizers and organic materials, the content of organic matter, total nitrogen and available potassium in soil (0-40 cm) of most rubber (H. brasiliensis (Willd. ex A.Juss.) Müll.Arg.) plantations has decreased by 41-48% compared with the beginning of the extensive expansion of rubber plantations on Hainan Island in the 1950s Guo et al. 2015) . To maintain the soil quality, organic amendments must be adopted in the management of rubber plantations (Zhang et al. 2007a, b) , one or two applications a year (at least 50 kg per cave) are strongly encouraged as a standard part of rubber tree cultivation . However, many rubber planters have not completely implemented this critical management practice because they lack the organic materials. They apply the most convenient and readily available source, the weeds that grow in the inter-row space of rubber trees or near rubber plantations, but the amounts are often lower than recommended (Fan 2005) . Incorporating organic materials such as crop straw, arboreal litter, bagasse, mushroom residue, biochar increases soil fertility, improves soil structure (Yadav and Prasad 1992; Nardi et al. 2004; Su et al. 2006; Long et al. 2015; Azeez 2018) , and induces root growth and water absorption by plants in other agricultural systems (Gill et al. 2009 ). However, the effects of organic amendments on soil fertility and rubber root growth are not well understood. Therefore, the main objective of this study was to determine the effects of organic amendments on soil physicochemical properties and root growth of rubber trees in a short-term study of 6 months. Because coconut trees and sugarcane are also widely planted on Hainan Island, coconut husks and bagasse are readily available. Biochar has been widely used to grow many crops and has many benefits including improving soil quality and plant growth (Van Zwieten et al. 2010) . Thus, these three types of organic amendments were tested for their effects on soil fertility and promoting root growth of rubber trees in the current study to provide a basis for recommending policies to promote sustainable land management for fertilizing rubber plantations.
Materials and methods

Study site
The study site (19°32′55″ N, 109°28′30″ E) is located on the experimental farm of the Chinese Academy of Tropical Agricultural Sciences in Danzhou City, the largest rubber production base of Hainan Province, China. The topography is hilly. The elevation ranges from 0.5 to 659.2 m. The local tropical monsoon climate has a mean annual temperature of 23.2 °C and a mean annual precipitation of 1600 mm with > 85% in May to October. The experiment was carried out from January to June 2015. The silty clay loam is an acid soil (pH 4.73) and contained 8.85 g kg −1 organic matter, 0.73 g kg −1 total nitrogen (N), 15.11 mg kg −1 available phosphorous and 55.03 mg kg −1 available potassium (K) at the start of the experiment.
Experimental design
Rubber [H. brasiliensis (Willd. ex A.Juss.) Müll.Arg.] trees were planted at the recommended density (3 × 7 m, 480 plants⋅ha −1 ) in 1996. The experimental site stands on a gentle slope of about 6°. Tree rows were oriented approximately east to west to prevent soil and water loss. Trees averaged 15 to 18 m tall. The area between the rows was occasionally mown to limit the growth of competing vegetation. Tapping of the rubber trees was initiated in 2003. Rubber tree clone CATAS 7-33-97 was used for the study.
Chemical fertilizer and organic materials were added to the excavated fertilization caves between rows according to field management practice with six trees for each treatment as follows: (1) conventional specialized chemical fertilizer (F) (2) chemical fertilizer + bagasse (Fba) (3) chemical fertilizer + coconut husk (Fco) and (4) chemical fertilizer + biochar (Fbi). Six trees in three adjoining rows were treated without the use of a fertilization cave. The fine roots of rubber trees in plantation arbors are mainly distributed in the 0-30 cm soil layer (He and Huang 1987) . In all treatments, two holes (20 cm long × 20 cm wide × 30 cm deep) were excavated 1 m from a rubber tree in the inter-row space without excavating a fertilization cave (Fig. 1) . Visible roots and stones were removed from the excavated soils, which were then allowed to air dry. Biochar was made from peanut shells heated at 350-500 °C for 30 mi. The biochar was crushed and sieved through a 2-mm sieve before application. The bagasse and coconut husk particles (less than 5 mm in diameter) were used directly. For the Fba, Fco and Fbi treatments, nutrients were incorporated into the air-dried soil as follows. The basic properties of amendments are shown in Table 1 . The amended soil (soil to amendment, 9:1 by mass) was mixed with 59.2 g of a special chemical fertilizer (N-P 2 O 5 -K 2 O = 14:7:9); the soils were then returned to the original holes. For the F treatment, the soil was mixed only with the chemical fertilizer at 0.148 g cm −2 ), the conventional rate applied in February or March. In all holes, three profiles were barricaded with felt paper to keep the roots in the hole except for the profile of the nearest rubber tree. The experiments were set up in January, and roots and soil in each hole were sampled in July.
Sampling and measurements
Root and soil samples were collected 6 months after the amendments to analyze soil chemical properties and root morphology in one of the two holes of each tree (Fig. 1) . Briefly, the soil outside of the felt paper was excavated. Then the felt paper was carefully removed. The soil for each sample was separated carefully from the roots with toothpicks and stored in a plastic bag. The roots for each sample were cut and put in a plastic bag. In the second hole (Fig. 1) , soil (0-5 cm) was sampled with a cutting ring to determine soil bulk density. The root sample from this hole was collected to measure root activity. Each root sample was stored in a cool box containing ice packs and then transported with the soil to the laboratory. Root activity and soil bulk density were determined immediately after transporting samples from the field. The root samples used for morphological analysis and determination of soil chemical properties were stored in a refrigerator under 4 °C. Then they were removed and analyzed the next day.
The separated soil was used to analyze soil organic matter (SOM), total nitrogen (TN), available phosphorus (AP), available potassium (AK) and soil pH. The SOM and TN were determined using the potassium dichromate-wet combustion procedure and the Kjeldahl distillation method, respectively (Bao 2000) . Available potassium was extracted with 1.0 mol L -1 ammonium acetate solution and measured according to Page et al. (1982) and Bao (2000) . Available phosphorus was extracted with 0.5 mol L -1 NaHCO 3 and then determined calorimetrically by the molybdate-ascorbic acid method (Olsen et al. 1954; Murphy and Riley 1962; Bao 2000) . Soil pH was determined using a 12.5 soil to water ratio (Bao 2000) .
The root samples were washed in a 150-μm sieve and then scanned to obtain images for analysis of root tip of total root (tips L -1 ), length (m m -3 ), surface area (m 2 m -3 ) and volume (cm 3 m -3 ) of total root and fine root (< 2 mm) in WinRHIZO (Regent Instruments, Quebec, Canada). Roots were then wrapped in filter paper and measured after drying for 3 days at 70 °C for dry root mass (μg cm -3 ). Soil transferred from the cutting ring was dried at 105 °C for measurement of soil bulk density (g cm −3 ). Root activity (μg g -1 h -1 ) was determined by the triphenyltetrazolium chloride (TTC) reduction method, as described by Li (2000) . 
Results
Soil physical and chemical properties
Soil properties after the different treatments are shown in Fig. 2 . The SOM content (46.35 g kg -1 ) in the Fbi treatment was significantly higher than after the Fco (32.11 g kg -1 ) and Fba (27.82 g kg -1 ) treatments. Without the organic amendment (the F treatment), the SOM (10.04 g kg -1 ) was significantly lower than the Fbi, Fco and Fba treatments (p < 0.05). Similar trends were found for the contents of TN, AP and AK after the different treatments. The Fbi treatment had the highest pH (6.20), significantly higher than in the Fba, Fco and F treatments (p < 0.05). The rank of bulk density was F > Fbi > Fco > Fba with significant differences among treatments (p < 0.05).
Root dry mass density and its relationship with soil properties.
The addition of organic materials significantly improved the root growth of rubber trees compared with the application of chemical fertilizer alone. The Fba treatment resulted in the highest root dry mass density (597.5 μg cm −3 ), followed by the Fco and Fbi treatments (Fig. 3) . Root dry mass density in the Fba, Fco and Fbi treatments increased significantly by 190%, 176% and 33% when compared with the F treatment (p < 0.05). An analysis of the linear relationship showed that growth was significantly related to soil bulk density among treatments (Table 2) .
Root activity and number of root tips
The root activity and number of root tips produced in different treatments are shown in Fig. 4 . The rank of root activity was Fbi > Fco > Fba > F and for number of root tips, Fco > Fba > Fbi > F. Root activity after Fba, Fco and Fbi treatments was 1.8-, 1.9-and 1.4-fold higher than in F treatment and for number of root tips was 3.3-, 4.6-and 4.9-fold higher (p < 0.05). , respectively, accounting for 96.2%-97.5%, 76.6%-80.7% and 72.6%-81.1% of the total root. The root length, surface area and volume of total root and fine root in the Fba and Fco treatments were significantly higher than in the Fbi and F treatments. The root length, surface area and volume in the Fbi treatment were also higher than in the F treatment, but only the total root length, fine root length and fine root volume were significantly higher than in the F treatment (p < 0.05).
Discussion
Soil fertility and organic material return
Intensive cultivation of rubber plantations often causes a significant loss of soil fertility (Zhang et al. 2007a, b) . As a consequence, a large supply of organic material is needed to maintain high levels of crop productivity and soil organic matter and improve some soil properties (Montemurro et al. 2007) . Crop residues and organic wastes are usually returned to fields as nutrient source and improve soil physical properties (Siddiqui and Akhtar 2008; Párraga-Aguado et al. 2017) . In this study, SOM, TN, AP and AK content increased by 63-362% in treatments with organic amendments when compared with the F treatment (Fig. 2) . These results are consistent with many studies that have shown that organic amendments increase soil fertility such as SOM, TN, nitrate-N, AP and AK content (Akhtar and Mahmood 1996; Cai and Qin 2006; Chan et al. 2007; Long et al. 2015; Mohammadi Torkashvand et al. 2015; Guo et al. 2016; Seleiman and Kheir 2018; Wrobel-Tobiszewska et al. 2018 ). As Table 1 shows, the nutrient level of the three organic materials were in the order of biochar > coconut husk > bagasse. The soil fertility order of the amendments was similar (Fig. 2) . Thus, the soil nutrients are highly dependent on the nutrient richness of the organic material. Conclusively, the addition of bagasse, coconut husk, and biochar resulted in significantly increased soil fertility as hypothesized.
Soil bulk and pH influenced by organic amendments
Organic amendments change the trophic structure, bulk density and pH of soil (Akhtar and Mahmood 1996) . Soil bulk density tends to decrease probably because of the presence of nondecomposed organic materials in the soil (Jones et al. 2011; Mohammadi Torkashvand et al. 2015) , while variation in pH depends on the type and amount of the amendment (Montemurro et al. 2007; Dharmakeerthi et al. 2012; Luo et al. 2014) . Consistently, the bulk density after the amendments was significantly lower than after the F treatment.
In addition, the different amendments had significantly different effects on bulk density (Fig. 2) . In terms of pH, the Fba and Fco treatments did not significantly change soil pH compared with the F treatment, consistent with the results of a previous study (Montemurro et al. 2007 ). The pH of biochar was higher than that of bagasse and coconut husk (Table 1) , consistent with the findings of Luo et al. (2014) , whose results showed that the pH of acid soil (pH 3.7) and alkaline soil (pH 7.6) increased by 0.76-1.50 and 0.23-0.99 after application of 60-76 g kg −1 of biochar to soil, respectively, the pH increased significantly (by 1.58) after the Fbi treatment (Fig. 2) . High content of soil exchangeable aluminum and acid are major contributors to soil acidity in rubber plantation (Sun et al. 2016) ; thus, a decrease in their content after the Fbi treatment could increase soil pH. This possibility was supported by the finding of Wu et al. (2017) that the addition of biochar (45 g kg −1 soil) to soil in rubber plantations remarkably decreases the soil exchangeable aluminum and acid content, after a significant increase of soil pH during a 70-d period.
Effects of organic material addition on root growth
If managed properly, organic waste material can be used to increase soil fertility and improve soil structure to promote root growth (Siddiqui and Akhtar 2008) . Many studies have shown that root biomass (Montemurro et al. 2007; Haghighi et al. 2016) ; number of root tips ; root activity (Zhu et al. 2002) ; and root length, surface area and volume Tian et al. 2017) increase after the addition of organic waste. These findings are consistent with those of the current study (Figs. 3-5 ).
Although biochar application has increased plant crop growth in natural woodland and cultivated fields (He and Huang 1987; Guo et al. 2016; Liu et al. 2017; Razaq et al. 2017) , here the Fba and Fco treatments had stronger positive effects than the Fbi treatment on root growth, although soil fertility after the Fbi treatment was higher than after the Fba or Fco treatments. Increased soil fertility did not always promote root growth, indicating that other factors are more important. The linear analysis in the present study showed that bulk density was the most important factor affecting root growth among treatments (Table 2) . However, when the Fbi treatment was excluded, significant relationships were observed between root growth and SOM, TN, AP and bulk density, in contrast to positive nonsignificant relationships between growth and both AK and pH among the F, Fba and Fco treatments (data not shown). Although root growth and pH were weakly related, pH is presumed to be very important, in addition to soil bulk density, in controlling root growth of rubber trees. Considering that the optimal pH for rubber trees grown in acid soil is in the range of 4.5-5.5 (He and Huang 1987) , the pH of the Fbi treatment (10% biochar, w/w; pH 6.28) is far above the optimal, in contrast to the pH of the F, Fba and Fco treatments (pH 4.62-4.83; Fig. 2 ) within the optimal range for growth. Thus, root growth was likely suppressed by the Fbi treatment because of the higher soil pH in the short term even though the soil bulk density and the high soil nutrient level were within the optimal range for root growth (Wang 2010 ). This possibility is supported by Dharmakeerthi et al. (2012) , who showed that the root dry mass of rubber plants decreased when the soil was treated with 1% and 2% (w/w) biochar during the 8-month nursery period. Therefore, the addition of bagasse, coconut husk and biochar significantly promoted root growth of rubber tree as we hypothesized. Nevertheless, the addition of different organic materials may result in different positive effects on root growth. The addition of bagasse and coconut husk had obviously higher positive effects on root growth than the biochar. As a result, bagasse and coconut husk are more suitable than biochar for rubber plantations, and their addition every year should be encouraged to improve soil properties and root growth in the short term. In further studies, experiments should be designed to examine the longterm effects of returning these amendments on soil fertility and root growth of H. brasiliensis.
Conclusions
The addition of bagasse, coconut husk and biochar accompanied by chemical fertilizer lowered soil bulk density by 7.4%-40.2% and increased soil fertility by 177-362% for soil organic matter, 102-163% for total nitrogen, 39-70% for available phosphorus and 5-63% for available potassium, respectively, compared to the chemical fertilizer treatment in the short term. In turn, root biomass increased by 33-190%. Biochar was more effective than bagasse or coconut husks in improving soil fertility. However, bagasse and coconut husks were more effective than biochar in improving root growth probably because biochar significantly increased soil pH by 1.58, which probably suppressed root growth. Thus, the properties of the organic amendment and the optimal soil pH for rubber tree need to be considered when choosing an amendment to improve soil fertility and root growth of rubber trees.
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